Pancreatic tumors and their surgical resection are associated with significant morbidity and mortality, and the biomarkers currently used for these conditions have limited sensitivity and specificity. Because calprotectin and calgranulin C serum levels have been demonstrated to be potential biomarkers of certain cancers and complications of major surgery, the levels of both proteins were tested in the current study in patients with benign and malignant pancreatic tumors that were surgically removed. The baseline serum levels and kinetics of calprotectin and calgranulin C during the 7-day postoperative period were evaluated with immunoassays in 98 adult patients who underwent pancreatic surgery. The baseline serum levels of calprotectin and calgranulin C in patients with malignant (n = 84) and benign tumors (n = 14) were significantly higher (p < 0 01) when compared to those in the healthy controls (n = 26). The serum levels of both proteins were also significantly (p < 0 05) higher in patients with benign tumors than in those with malignant tumors. After surgery, the serum levels of calprotectin and calgranulin C were significantly (p < 0 01) higher than their baseline values, and this elevation persisted throughout the seven days of the follow-up period. Interestingly, starting on day 1 of the postoperative period, the serum levels of both proteins were significantly (p < 0 05) higher in the 37 patients who developed postoperative pancreatic fistulas (POPFs) than in the patients who had uneventful recoveries (n = 61). Moreover, the serum levels of calprotectin and calgranulin C demonstrated a significant predictive value for the development of POPF; the predictive values of these two proteins were better than those of the serum level of C-reactive protein and the white blood cell count. Taken together, the results of this study suggest that calprotectin and calgranulin C serum levels are potential biomarkers for pancreatic tumors, surgical injury to the pancreatic tissue and the development of POPFs.
Introduction
Calprotectin, also known as S100A8/9, and calgranulin C, also known as S100A12, are calcium-binding proteins stored in epithelial cells and phagocytes. Interestingly, in neutrophils, they account for 40% of the soluble cytosolic content. The intracellular roles of calprotectin and calgranulin C are associated with calcium regulation and cell motility. When these proteins are released extracellularly, they perform many actions, including stimulating neutrophil adhesion, migration, and release from the bone marrow and cytokine production by monocytes and epithelial cells. Calprotectin and calgranulin C have antibacterial and antiparasitic activities and have been shown to play roles in skin wound healing and liver and musculoskeletal regeneration [1] . Both proteins also stimulate proinflammatory activities and reactions to sterile injuries, as has been demonstrated after severe trauma and major surgery [2, 3] . Calprotectin and calgranulin C have been implicated in many human diseases, such as sepsis, Still's disease, rheumatoid arthritis, and laryngeal and pancreatic cancer [4] [5] [6] [7] [8] [9] .
Pancreatic cancer remains a highly lethal disease. The aggressive nature of the tumor and asymptomatic disease progression lead to delayed diagnosis and a high mortality rate. Pancreatic cancer has an estimated 20% resectability at the time of diagnosis, and the overall five-year survival rate is only 5% [10] . Surgery remains the only curative treatment. However, surgical treatment of pancreatic cancer is associated with significant morbidity and mortality during the early postoperative period, affecting 40-60% of patients [11] . Greenblatt et al. [12] reported that 27.1% of patients who underwent pancreatoduodenectomy suffered from a serious complication and 2.6% died within 30 days after the surgery. Hospital readmission after pancreatic resection is also common and can be attributed mostly to infectious complications. Currently used biomarkers that can predict postoperative complications, such as the white blood cell (WBC) count, C-reactive protein (CRP) serum levels, and amylase (AMS) levels in the pancreatic drainage fluid, have limitations. Recently, the associations of elevated calprotectin and calgranulin C serum levels after major elective gastrointestinal surgery with intensive care unit length of stay and 28-day and in-hospital mortality were demonstrated [13] .
Thus, the aims of our study were to evaluate the serum levels of calprotectin and calgranulin C in adult patients undergoing surgery for malignant and benign pancreatic tumors and to test whether these proteins are better predictors of complications of pancreatic surgery than the biomarkers currently in use, including the CRP level, WBC count, and AMS in the pancreatic drainage fluid.
Methods

2.1.
Patients. This prospective observational single-center study was performed in the Department of Surgery, Second Faculty of Medicine, Charles University and Military University Hospital Prague, Czech Republic. The study was approved by the Ethics Committee of the Military University Hospital Prague, and all study subjects signed informed consent forms before being enrolled in the study (reference number: 108/8-31/2015 ÚVN). Data were collected in the period between April 2015 and March 2017. All 113 enrolled patients were adults for whom pancreatic surgery was recommended by a multidisciplinary panel because of the suspicion of a malignant pancreatic tumor. Blood specimens were obtained the day before the elective surgery and then on days 1, 3, 5, and 7 after the surgery. The demographic and clinical characteristics are presented in Table 1 . The postoperative complications were evaluated according to the 2016 update of the postoperative pancreatic fistula (POPF) guidelines, with two discrete grades of POPFs, namely, B and C. There were also two other cohorts: patients with uneventful recovery after the surgery and patients classified in the study as having grade A POPFs, which, according to the latest guidelines, are characterized as biochemical leaks or fistulas with no clinical impact [14] . The resected specimens were examined histopathologically according to the guidelines from the British Royal College of Pathologists regarding the definition of R1 (margin < 1 mm) following the Whipple procedure [15, 16] and standard lymphadenectomy [17] . For patients with tumors in the body or tail of the pancreas, left pancreatectomy and splenectomy were performed to ensure R0 resection [18] . We attempted to remove >15 lymph nodes to allow adequate pathological staging of the disease [19] . The control group consisted of 26 healthy volunteers (15 males and 11 females with a mean age of 51 years) who were recruited from the general population.
Laboratory Analysis.
Blood samples for the WBC counts were collected into VACUETTE® K3 EDTA tubes (Greiner Bio-One GmbH, Frickenhausen, Germany) and processed immediately after collection. Blood samples for the analysis of the levels of CRP, calprotectin, and calgranulin C were collected into VACUETTE® Z Serum Clot Activator tubes (Greiner Bio-One GmbH). Serum CRP levels were measured immediately after sample collection, and the specimens used for the analysis of the calprotectin and calgranulin C levels were stored at -80°C. The serum levels of both proteins were measured with sandwich enzyme immunoassays (ELISAs) with the Evolis™ system (Stratec Biomedical Systems AG, Birkenfeld, Germany) and software from Bio-Rad Laboratories (Marnes-la-Coquette, France); the A100A8/A9 human ELISA and S100A12 human ELISA kits were provided by BioVendor (Brno, Czech Republic). The serum levels of CRP and the levels of AMS in the pancreatic drainage fluid were analyzed with the modular analyzer Cobas® 8000 (Roche Diagnostics GmbH, Manheim, Germany) using the CRPL3 and AMY-P kits (Roche Diagnostics GmbH). WBC counts were performed with the automated hematology system Sysmex XE-5000 (Sysmex Europe GmbH, Norderstedt, Germany). 
Results
Baseline Serum Levels of Calprotectin and Calgranulin C.
The baseline serum levels of calprotectin and calgranulin C were evaluated in an initial cohort of 98 patients who either had benign pancreatic tumors (i.e., serous cystadenomas or pancreatic pseudocysts) or histologically confirmed malignant pancreatic tumors, including ductal adenocarcinoma, neuroendocrine tumors, and mucinous cystadenocarcinoma; 15 patients with biliary carcinoma, inconclusive histology findings, intraductal papillary mucinous neoplasia, or another type of tumor were excluded from the evaluation.
The levels of calprotectin and calgranulin C were significantly higher in patients with benign and malignant pancreatic tumors than in the healthy controls, and the calprotectin serum levels were also significantly higher in patients with benign tumors than in patients with malignant tumors. In addition, the patients with malignant tumors were significantly older than the healthy controls and the patients with benign tumors, and no differences were observed between the cohorts with malignant and benign tumors with regard to their baseline serum CRP levels, WBC counts, and reference values. These data are shown in Table 2 .
3.2. Kinetics of Calprotectin, Calgranulin C, and Routine Biomarkers after Surgery. The serum levels of calprotectin, calgranulin C, and routinely used biomarkers were evaluated in the postoperative period in an initial cohort of 98 patients either with an uncomplicated postoperative course or with grade A, B, or C POPFs; 15 patients with complications other than POPFs were excluded from this evaluation. The evaluated patients did not significantly differ in terms of age, and the distributions of malignant and benign tumors were proportional among the groups ( Figure 1 ). The serum levels of calprotectin and calgranulin C were significantly higher in patients with surgical complications than in patients with uneventful recoveries from day 1 to day 7 of the postoperative period. Furthermore, on day 1 of the postoperative period, the serum levels of calgranulin C were significantly higher in patients who developed grade B POPFs than in patients who developed grade A (p = 0 008) and C (p = 0 029) POPFs, and the serum levels of calprotectin were significantly higher in patients with grade B POPFs than in patients with grade A POPFs (p = 0 039). The serum levels of calprotectin and calgranulin C during the study period are shown in Table 3 .
The routine biomarkers analyzed included the WBC count, CRP level, and AMS level in the pancreatic drainage fluid. When compared to the WBC count in patients with an uncomplicated postoperative course, the WBC count was significantly higher in patients with grade B POPFs on days 3, 5, and 7 and in patients with grade A POPFs on day 7. Furthermore, on days 3, 5, and 7, the serum CRP levels were significantly higher in patients with grade B and C POPFs than in the patients with uneventful recoveries. AMS levels in the pancreatic drainage fluid were significantly higher from day 1 to day 7 in all three groups with postoperative complications than in the group of patients with uncomplicated postoperative courses. These results are shown in Table 3 . Furthermore, on day 3, the WBC count was significantly higher in patients with grade B POPFs than in patients with grade C POPFs (p = 0 019), and the serum CRP levels were significantly higher in patients with grade B (p = 0 017) and grade C (p = 0 026) POPFs than in patients with grade A POPFs. The serum CRP levels on day 7 were significantly higher in patients with grade C POPFs than in patients with grade A POPFs (p = 0 038). Apart from these differences, the WBC count, serum CRP levels, and AMS levels in the pancreatic drainage fluid did not differ significantly among the groups of patients with grade A, B, and C POPFs.
Logistic Regression Analysis.
The serum levels of calprotectin and calgranulin C demonstrated predictive values for surgical complications that were better than those of the CRP level and WBC count but worse than that of the level of AMS in the pancreatic drainage fluid. The results of the logistic regression analysis and the area under the curve (AUC), cutoff values, sensitivities, and specificities are shown in Table 4 .
3.4. Correlations of Calprotectin and Calgranulin C Levels with the WBC Counts, Serum CRP Levels, and AMS Levels in the Pancreatic Drainage Fluid on Days 1, 3, 5, and 7. The calprotectin serum levels were significantly correlated with the WBC count, CRP levels, and AMS levels on days 3 and 5 and with the WBC count and the CRP levels on day 7. The calgranulin C serum levels were significantly correlated with only AMS on days 3 and 5. The results are shown in Table 5 .
Discussion
In this study, we found elevated baseline serum levels of calprotectin and calgranulin C in patients with malignant and benign pancreatic tumors and the upregulation of those levels after surgery and in patients with postoperative complications. We observed increased serum levels of calprotectin and calgranulin C after pancreatic surgery, which persisted throughout the seven days of the study period. Similarly, Máca et al. [3] found persistent elevations of the serum levels of S100A8 (the homodimer of the calprotectin heterodimer complex) and calgranulin C for three days after gastrointestinal tract surgery; these levels were significantly higher than those observed in healthy volunteers. Unlike in the study by Máca et al., which did not report the baseline values of the investigated alarmins, we were able to evaluate the direct effect of surgical injury on the serum levels of calprotectin and calgranulin C because we measured the baseline concentrations of both proteins. Two-to fourfold increases in the serum levels of calprotectin and calgranulin C were observed 24 hours after surgery, indicating the potential of both proteins to serve as markers of the intensity of the sterile surgical injury. Interestingly, the kinetics of the calprotectin and (i) PDAC (n = 2; 18.2%) (ii) NET (n = 3; 27.2%) (iii) MAC (n = 1; 9.1%) (iv) DBDC (n = 1; 9.1%) (v) AVC (n = 1; 9.1%) (vi) IPMN (n = 1; 9.1%) (vii) BT (n = 2; 18.2%) (i) PDAC (n = 38; 62.3%) (ii) NET (n = 4; 6.6%) (iii) MAC (n = 2; 3.3%) (iv) DBDC (n = 2; 3.3%) (v) AVC (n = 1; 1.6%) (vi) IPMN (n = 4; 6.6%) (vii) BT (n = 9; 14.8%) (viii) IH (n = 1; 1.6%) (i) PDAC (n = 5; 35.7%) (ii) NET (n = 4; 28.6%) (iii) MAC (n = 2; 14.3%) (iv) DBDC (n = 2; 14.3%) (v) AVC (n = 1; 7.1%) (i) PDAC (n = 6; 50.0%) (ii) NET (n = 2; 16.7%) (iii) DBDC (n = 1; 8.3%) (iv) AVC (n = 1; 8.3%) (v) BT (n = 2; 16.7%) calgranulin C serum levels seemed to be influenced by postoperative complications, with the highest concentrations observed in patients who developed grade B POPFs. This finding may reflect the irritation of the pancreatic tissue by the pancreatic fluid and/or persistent inflammation, which are associated with the development of POPFs. In addition, the prognostic value of the calprotectin and calgranulin C serum levels seems to be limited by the observed trend of higher concentrations in patients who developed grade B POPFs than in those who developed grade C POPFs, which are associated with the most severe complications such as reoperation, organ failure, and death [14] . However, a similar finding was reported in patients who had suffered severe blunt trauma complicated with secondary bacterial infections; those patients had calprotectin serum levels that were lower than those in patients with uneventful recoveries [2] . Although the AMS levels in the pancreatic drainage fluid are very sensitive for the prediction of the development of POPFs, the serum levels of calprotectin and calgranulin C may be additional useful parameters, with better prognostic values than the currently used routine blood biomarkers, such as the WBC count and CRP serum levels ( Figure 2) . However, the importance of the blood biomarkers is particularly marked in patients at the time of the removal of the pancreatic drain, which is usually removed 5-7 days after the surgery. Interestingly, at that time, the serum levels of calprotectin and calgranulin C demonstrated the best diagnostic sensitivity for the development of POPFs in our study. Therefore, this observation may suggest that the close monitoring of the serum levels of calprotectin and calgranulin C after the removal of the pancreatic drain may aid in the detection of the development of POPFs. To the best of our knowledge, this is an original observation that has not yet been reported.
It is well known that S100A proteins play roles in pancreatic cancer progression and metastasis [20] . However, most attention has been paid to proteins S100A2, S100A4, S100A6, and S100A11, which are involved in the degradation of the extracellular matrix and metastasis, and only a few studies have investigated the roles of calprotectin and calgranulin C. In patients with pancreatic ductal adenocarcinoma with diabetes mellitus, Moz et al. [21] demonstrated that an increased tissue expression level of S100A8 is associated with chronic pancreatitis and not with ductal adenocarcinoma, whereas a decreased expression level of S100A9 is correlated with a poor outcome for patients with ductal adenocarcinoma. Similarly, we observed the highest calprotectin serum levels in patients with benign pancreatic tumors, indicating that inflammation is a major inducer of the release of calprotectin into the systemic circulation. It is worth noting that the observed difference between the patients with benign and malignant pancreatic tumors cannot be explained by the higher median age of the patients with cancer because the reference ranges for the serum calprotectin levels increase with increasing age [22, 23] . Furthermore, compared with the healthy controls, the patients with malignant pancreatic tumors enrolled in our study also had significantly higher baseline serum calprotectin and calgranulin C levels. This finding probably reflects the local secretion of both proteins from the malignant tissue. Since malignant pancreatic tumors are frequently associated with lymphoplasmocytic infiltrate and neutrophils are scarce in the tissue (Figure 3) , the source of both proteins is probably the cancer cells. This notion can be supported by finding of the overexpression of S100A8 and S100A9 by the cancer cells in renal cell carcinoma [24] . Importantly, elevated levels of S100A8 and S100A9 were found in the ductal fluid of patients with pancreatic cancer, and the high expression levels of both proteins were associated with a median survival time that was nearly halved in comparison with that of patients without similarly elevated levels. This finding in the context of our observation may suggest a detrimental effect of pancreatic tumor-induced upregulation of calprotectin and calgranulin C [25] . Another explanation for the elevated serum calprotectin and calgranulin C levels could be biliary obstruction, which is a common finding in patients with pancreatic tumors. This notion can be supported by the observation of the high biliary levels of S100A8/9 in patients with primary sclerosing cholangitis [26] . The observed elevations are interesting, especially in the context of the normal values of the routinely used biomarkers in enrolled patients. Although calprotectin and calgranulin C serum levels do not seem to be highly specific for individual pancreatic pathologies (Figure 4) , their release into the blood, which is not followed by the stimulation of systemic inflammation, indicates the potential for the use of both proteins as markers of local inflammation or progression to malignancy. Moreover, the persistent elevation of the levels of calprotectin and calgranulin C in the blood may suggest a risk of progression from benign to malignant pancreatic tumors. This suggestion is supported by the finding that upregulation of the S100A8 or S100A9 proteins may promote tumorigenesis [27] . Both calprotectin and calgranulin C are well-known indicators of systemic inflammation, and their levels have been found to be elevated in the blood in patients with a diverse range of inflammatory and infectious conditions, including acute otitis media, familial Mediterranean fever, inflammatory bowel disease, Kawasaki's disease, cystic fibrosis, rheumatoid and psoriatic arthritis, tuberculosis, severe sepsis, ventilator-associated lung injury, trauma, noninfectious critical illness, and microtrauma induced by long-distance running [28] [29] [30] [31] [32] [33] . Furthermore, surgery and trauma are also associated with elevated serum levels of calprotectin and calgranulin C. In trauma patients, the high serum levels of calprotectin and calgranulin C are positively correlated with a severe course as indicated by the Sequential Organ Failure Assessment score and elevated CRP levels in the early posttraumatic period [32] . Similarly, in patients undergoing major abdominal surgery, the levels of calgranulin C and the S100A8 protein were elevated three days after the surgery, and the serum levels of those proteins were positively correlated with the length of stay in the intensive care unit, inhospital and 28-day mortality, and increased CRP serum levels [3, 13] . In our study, the highest CRP serum levels and WBC counts were also observed in the early postoperative period. As could have been expected, the high serum CRP levels at day 3 were associated with the development of grade B and C POPFs [34] . The WBC count demonstrated similar kinetics in the patients with grade A and B POPFs, whereas the patients with grade C POPFs had WBC counts similar to those of the patients with uneventful recoveries. While elevated serum levels of CRP probably reflect the activation of systemic inflammation elicited by the surgical injury, leukocytosis in the patients with grade B POPFs is usually associated with a mild infection [14] . Furthermore, a trend towards persistent leukocytosis in the patients with grade A POPFs together with a relatively low WBC count in the patients with grade C POPFs suggests that the WBC count is not a reliable predictor of the development of POPFs, which has been already demonstrated [34] . In addition, the persistent elevation of the serum levels of calprotectin and calgranulin C together with the decrease in serum CRP levels observed in the patients with uneventful recoveries and grade A and B POPFs after day 3 may indicate the presence of local inflammation without the stimulation of the systemic response or may reflect the action of calprotectin and calgranulin C in wound healing and pancreatic tissue regeneration [1] . This interpretation can be supported by the fact that the kinetics of both proteins after severe trauma and pancreatic surgery are the inverse of the kinetics observed in bacterial sepsis after the suppression of infection by antimicrobial therapy ( Figure 5 ) [23] . On the other hand, the highest CRP serum levels observed on day 7 in the patients with grade C POPFs were not fully associated with a similarly intense increase in the serum levels of calprotectin and calgranulin C, which may suggest that the neutrophils-the major source of both proteins-are already exhausted and their ability to mount a response to a secondary injury is compromised. The study had several limitations. First, the study was performed in a single center, and its monocentric nature together with the laboratory immunoassays utilized limits the direct translation of the findings to routine use. However, a new analytical method for measuring serum levels of calprotectin has recently been introduced into routine practice, which means that additional data could easily be gathered to verify our findings. Second, the primary aim of the study was to evaluate the utility of the calprotectin and calgranulin C serum levels as biomarkers of surgical injury, and the analysis of the baseline levels of the two proteins in benign and malignant pancreatic tumors was performed in a post hoc manner. Third, the groups of patients with certain grades of postoperative complications were relatively small and were not homogenous regarding the type and extent of pancreatic surgery; therefore, the findings must be interpreted with caution. Lastly, we could not assess the effects on mortality, because all evaluated patients were discharged from the hospital in stable conditions, and the only deaths in the postoperative period occurred among the patients with complications other than POPFs.
In conclusion, it is clear that calprotectin and calgranulin C are upregulated after pancreatic surgery and, to a lesser extent, in benign and malignant pancreatic tumors. This observation, together with the finding of the highest concentrations of both investigated alarmins in patients with postoperative complications, may suggest the potential usefulness of calprotectin and calgranulin C as biomarkers. Because pancreatic cancer and surgery are severe conditions and the current biomarkers have inherent limitations, further studies on calprotectin and calgranulin C should be performed.
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